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Abstract 
Khaled Alhassoon 
Under Supervision of Prof. Afshin S. Daryoush, PhD 
Low cost, small size, and tunable printed circuit antennas are in high demand for both 
civilian and military applications. The antenna tunability is a required feature in the most recent 
communication systems since these systems operate at various wireless communication 
frequencies, while are dramatically scale down in size. By employing the tunable antennas, a single 
antenna geometry can operate at different frequencies. Various methods and techniques, such as 
optically and electrically tuned varactor diodes, were reported in the recent years for this purpose 
of multi-frequency operation, but these solutions have high losses that degrade the performance of 
the tunable antenna. In addition, the tuning and switching functions are reported using ferrite 
structures, which are also prone to loss at microwave frequencies. Alternatively, ferromagnetic 
nanoparticles and ferroelectric have been demonstrated to have high tuning sensitivity covering 
broad bandwidths at microwave frequencies. Because of εr>>1 in ferroelectric materials and μr>>1 
in ferromagnetic materials, a compact size antenna can be realized for a variety of wireless 
applications.  
This thesis presents design and realization on the FR4 substrate of ferromagnetic based 
composite annular ring antennas employing nanoparticles.  FeCo nanoparticles form a low 
coercive material and have demonstrated high permeability of the order of 8 and high saturation 
magnetic moment. A 100 MHz frequency tuning had been obtained at a WiFi frequency band of 
2.4GHz by utilizing an external permanent magnet of 1kG. However, a high loss tangent of about 
0.25 results in lower efficiency than the baseline annular ring antenna realized without the 
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ferromagnetic material.  To improve the gain of the FeCo composite based antenna, the parasitic 
element stacking technique is proposed to maintain a higher gain tunable annular ring antenna.  
The directive gain and efficiency of the annular ring patch antennas using a composite 
substrate material of ferromagnetic type are not high, and passive stacked radiating elements are 
thus designed and implemented to resonate at the WiFi frequency band of 2.4GHz. The design 
concepts are in a manner similar to the Yagi-Uda antennas with enhanced antenna gain using 
passive radiators. The parasitic superstrate elements couple the broadside radiated power in the 
normal direction of the antenna radiation pattern. After investigating different superstrate materials 
and thickness, an optimum design was achieved with a 5dB gain and 20% efficiency with only one 
superstrate of the annular ring mounted on a low loss honeycomb substrate. Further improvement 
was accomplished after placing the second superstrate, where the ultimate efficiency of 50% was 
reached.  The reasoning behind this antenna gain improvement is that the current of the driven 
active element is coupled to the first superstrate and this phenomenon is repeated through mutual 
coupling existing between the first and second passive radiators mounted on them. In other words, 
the mutually coupled current normally tapers down in the number of passive radiators and results 
in a higher antenna gain.  Finally, as part of future work, alternative design implementation 
challenges for ferroelectric composite substrates are enumerated in terms of the performance of 
composite antennas employing TM12, low frequency control and efficiency of microstrip feed 
structures. 
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Chapter 1 Introduction 
Microstrip patch antennas are a valuable option in advanced communication systems due to 
performance, size and integration abilities. Some of the factors that characterize the microstrip 
patch antenna include resonant frequency, directivity and efficiency. The microstrip antennas in 
general have different geometrical shapes of metallic radiator elements which are attached or 
milled on top of the dielectric substrate that are grounded in the back, as depicted Figure 1.1  [1]. 
Each shape of the metallic radiator has unique features. For example, an annular ring provides 
better bandwidth than the disc antenna. Moreover, for the antenna design, the substrate dielectric 
constant or electric permittivity is preferred to be small and the substrate thickness is increased to 
improve the radiated power.   
 
Figure 1.1 Configuration of Microstrip Antenna [1] 
The homogenous dielectric material substrates have a fixed permittivity that resonates at a 
single frequency, if specific geometry and dimensions are considered. Hence, the operating 
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frequency of the designed antenna cannot be altered to be used as a tunable antenna within specific 
radio frequency (RF) bands for various applications. As a result of high losses of ferroic material, 
composite materials have been introduced and proposed that utilize either ferroelectric or 
ferromagnetic base materials integrated on regular low loss substrates. By utilizing the composite 
material instead of the whole ferroic substrate, the inherent loss contribution of the ferroic material 
can be reduced. Moreover, the tunable base material is better than using a parasitic RF component 
because of the loading effect interference and high losses that are generated by these components. 
The electromagnetic properties such as permittivity for ferroelectric or permeability for 
ferromagnetic materials can be tuned utilizing the bias magnetic and electric field, respectively.  
Using an electromagnetic field as a bias is more practical than a magnetic field which is difficult 
to implement because of the high current needed to generate magnetic flux. On top of the tuning, 
the size miniaturization is another advantage of the tunable composite material, which can reduce 
the circuit size without affecting the performance. This is very critical especially with the effort to 
reduce packaging size in modern communication technology. 
This thesis is dedicated to the design, evaluation, and enhancement of the performance of 
a tunable ring antenna using ferromagnetic nanoparticles. The electromagnetic properties of the 
ferromagnetic material that has been used for design and modeling of the tunable annular ring 
antennas were extracted by using different techniques, such as the phase difference of measured 
S-parameter of loaded microstrip transmission line.  In chapter two, the basic information about 
the printed circuit patch antenna is reviewed; this knowledge was employed for the design and 
evaluation of annular ring antennas. Various techniques of antenna tuning that were categorized 
as optical, electrical and material elements were illustrated along with their performance and 
limitations in this chapter. Moreover, methods for antenna directive gain enhancement by 
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employing nonparasitic or parasitic elements were studied. Finally, chapter 2 concludes with 
critiques of various techniques that are applicable to design of high directive gain ferromagnetic 
based tunable annular ring antennas and identifies goals of this thesis. 
In chapter three, the baseline design of an FR4 based annular ring antenna is introduced and 
is used as reference for performance comparison with the designed tunable ferromagnetic 
nanoparticles based annular ring antenna. Manufacturing process steps were reviewed for both the 
FR4 and composite antenna. Then, the antenna parameter and far-field measurements for both 
antennas were listed for performance comparison. In order to extract the accurate values of 
permittivity and permeability of the nanoparticle material, the simulated return loss quantified as 
a function of frequency were fitted to that of measured result using COMSOL software. As a result 
of the high magnetic losses of composite FeCo nanoparticle, the directive gain of the nanoparticle 
antenna had been degraded, which requires a directive gain enhancement technique; this technique 
was proposed and described in next the chapter.   
In chapter four, the Yagi-Uda linear array antenna method was employed as the building block 
to design various superstrates that are to be placed above the nanoparticle based annular ring 
antenna to improve the antenna gain. This gain improvement is because of mutual coupling from 
the driven element to parasitic superstrates radiators and direct radiated power in the direction 
normal to the annular superstrate rings. This design implementation was performed on a number 
of superstrates of different materials, thicknesses, and radii of the parasitic annular rings. 
Moreover, this gain enhancement approach was first applied on the FR4 baseline antenna as a 
reference, which provided some insight for the best superstrate design to be applied to the FeCo 
nanoparticle based annular ring antennas.  
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Chapter 5 concludes thesis and provides insight for future direction of research to realize 
tunable high directive gain antennas. Of particular emphasis is ferroelectric based antenna 
structures to achieve both antenna frequency tuning and reducing losses in the antenna structure. 
Finally, a number oi supplemental material to various chapters were provided as appendices in this 
thesis. Three appendices of A-C provides supporting material for description of Bessel functions, 
efficient numerical calculation based on the meshing resolution, and representation  of both near-
field and far-field antenna measurements.  
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Chapter 2 Review of Literature  
2.1 Introduction 
A microstrip antenna is a compact antenna which has been employed in many recent wireless 
applications. It has various geometries, each one with a unique merit. These merits can be in terms 
of bandwidth, matching, and far-field radiation pattern. A general overview about microstrip patch 
antenna geometry and comparison among different geometries are introduced at the beginning of 
this chapter. The excitation and field distribution are discussed in Section 2.2. The following 
subsection includes the annular ring design aspects, cavity model, and various techniques of 
excitation and feeding such as probe fed. At the end of this section, a brief background is provided 
about different materials that have been utilized and fabricated in this research such as the glass 
base (FR4) and ferroic (nanoparticles) material. The literature review of microstrip antennas 
tunability techniques is provided in section 2.3. Three different types of resonance frequency 
tuning methods are discussed. First, tuning using non-interfering optical fiber control was 
introduced by utilizing a material that changes its properties, when exposed to optical power. 
Second, electrically tunable antennas are introduced that mostly used the varactor diode or 
capacitor. Lastly, there is frequency tuning using ferroic materials, particularly FeCo 
nanoparticles, and then alternatives to ferromagnetic substrates are discussed. At the end of this 
chapter, different methods of gain enhancement are also reviewed. This includes a non-stacking 
technique, which uses a single mounted single horn (SMSH) and a stacking technique, which 
utilizes a vertical layer of superstrate. Critiques of all these techniques and goals of the thesis is 
provided at the end of this chapter. 
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2.2 Geometry 
2.2.1. Patch Antenna:  
In the microstrip patch antenna Figure 1.1 the metallic slot that attaches above the substrate 
has different shapes as shown on Figure 2.1. For instance, square, circular and annular rings are 
easy to fabricate and have better radiation patterns. Moreover, these different shapes possess 
various features; Table 2.1 shows a comparison between some of them in terms of bandwidth, 
gain, and area. The patch antenna is excited by different feed point techniques. One of them uses 
the probe feed point that is inserted from the underneath the structure to the metallic slot on the 
top. This feed point shares the same ground with the patch antenna. Because a substrate thickness 
is less than the free space wavelength (h << .05 λₒ) at the resonant frequency and the metallic slot 
(radiated element) thickness is way more than wavelength of free space (λₒ), the patch antenna 
maximizes the radiation in the broadside normal for the microstrip antenna  [2]. However, there is 
not a back radiation pattern because of the ground which functions as a reflector. This radiation is 
due to the current in the patch and the vertical electrical field underneath, which is generated by 
the voltage difference between the ground and the feed point, as can be seen Figure 2.2 [3]. 
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Figure 2.1 Microstrip patch antenna radiator shapes [2] 
Table 2.1 Comparison of different standard microstrip patch antenna shapes (ε=2.32, 
h=1.55mm, and f=2GHz) [4] 
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Figure 2.2 Microstrip patch antenna radiator shapes [2] 
There are several parameters that contributed to the design of the patch antenna which 
influence the behavior of this antenna. The main two parameters are the dielectric constant and the 
thickness of the substrate. The main difference between the commercially available substrates is 
the dielectric constant that is usually in the range of 2.2< ε <12 [2]. However, a larger value of 
permittivity is available for the purpose of miniaturization as reported in [5].  The thickness of a 
substrate is another pivotal factor that plays an important role in the performance of the antenna. 
The optimum design depends on the desired performance of antenna. A low dielectric constant 
with a thick substrate provides better performance in terms of better efficiency, less bounded field, 
and large bandwidth but result in a larger size [1]. However, there is a potential for exciting the 
surface waves if the thickness increases beyond a specific thickness can be calculated from an 
equation can be found on [6]. This surface wave will degrade the radiation pattern and increase the 
source of loss. Furthermore, as the size is inversely proportional with the dielectric constant, the 
desired low dielectric constant enlarges the design size of the antenna.  The efficiency increases 
proportionally as the thickness increases and reversely as the permittivity increases. The 
conclusion is that these parameters govern the quality factor, which, as a result, affects the 
bandwidth and fringing field. 
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The advantages of microstrip antennas are outstanding in comparison with conventional 
antennas. The microstrip of antennas can cover a wide band of applications from 100MHz to 
100GHz [1]. Moreover, the features of these are, for example, low size, light weight, and low cost 
of fabrication. In contrast, they have disadvantages that limited their performance. Some of the 
challenges are their narrow bandwidth, low gain, and large Ohmic loss. Even though those 
limitations can be resolved by various methods such as adding a superstrate for enhancing the gain, 
the antenna size will enlarge as a result. 
2.2.2. Annular Ring Patch Antenna 
The annular ring patch antenna is similar to the disc antenna but the resonant metallization is 
smaller as there is a circular gap of the radius (a) from the center. Basically, it contains a metallic 
shaped ring resonator, which can be fed by different techniques, above the substrate and by having 
a ground underneath the substrate. There are three important parameters: the outer radius (b), the 
inner radius (a), and the dielectric constant (ϵ), as shown in Figure 2.3  [1]. The ratio of the outer 
to inner radius specifies the resonant frequency and mode. The first operating mode TM11 of this 
antenna has a high impedance and a narrow bandwidth in comparison with the same size disk 
patch. In contrast, the TM12 mode has a noticeable wide bandwidth whereas this is achieved at the 
expense of enlarging the size. As mentioned by Chew, the TM1even mode have better radiation 
efficiency than the TM1odd mode because the equivalent magnetic current sources are in the same 
polarization for both of the outer and inner edges. This reason makes this type of antenna operate 
as a good radiator at this mode [7].    
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Figure 2.3 Annular ring antenna [1] 
The cavity model used to analyze the annular ring antenna, which is described above, is 
one of different models providing the field and current distribution. This model is explained by 
Gary [8] as this model was built with the assumption that the ring circumference needed to be 
replaced with magnetic walls. As the substrate is very thin, there is no variation in the z axis so the 
mode is TMnm. The general form of the wave equation in cylindrical coordinates is given as: 
 
𝐸𝑧 = 𝐸0[𝐽𝑛(𝑘𝜌)𝑌
′
𝑛(𝑘𝑎) − 𝐽′𝑛(𝑘𝑎)𝑌 𝑛(𝑘𝜌) ]𝑐𝑜𝑠𝑛∅ 
 
(2.1) 
 
 
𝐻∅ =
𝑗
𝑤𝜇𝜌
𝜕𝐸𝑧
𝜕∅
 (2.2) 
 
𝐻𝜌 = −
𝑗
𝑤𝜇
𝜕𝐸𝑧
𝜕𝜌
 
(2.3) 
 
The Jn and Yn are the Bessel function of order with n for the first kind and second kind 
respectively. The lower side of ring metallization surface current is given by  
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𝐽∅ = 𝐸0
𝑗𝑛
𝑤𝜇𝜌
[𝐽𝑛(𝑘𝜌)𝑌
′
𝑛(𝑘𝑎) − 𝐽′𝑛(𝑘𝑎)𝑌 𝑛(𝑘𝜌) ]𝑠𝑖𝑛𝑛∅ (2.4) 
 
𝐽𝜌 = −𝐸0
𝑗𝑘
𝑤𝜇
[𝐽𝑛(𝑘𝜌)𝑌
′
𝑛(𝑘𝑎) − 𝐽′𝑛(𝑘𝑎)𝑌 𝑛(𝑘𝜌) ]𝑐𝑜𝑠𝑛∅ (2.5) 
 
To satisfy the magnetic wall boundary condition, the surface current must reduce to zero once it 
reaches the edges ρ= a and ρ=b. As a result  
 
 𝐽𝜌(𝜌 = 𝑏) = 𝐻∅(𝜌 = 𝑏) = 0   (2.6) 
 
This leads to the equation of the resonant modes: 
 𝐽′𝑛(𝑘𝑏)𝑌
′
𝑛(𝑘𝑎) − 𝐽
′
𝑛
(𝑘𝑎)𝑌′𝑛(𝑘𝑏) = 0 
(2.7) 
 
From the (2.7) equation, by knowing the a, b, ϵ and n, the modes can be obtained as the frequency 
changes. Moreover, from the last equation, modes can be plotted as shown in Figure 2.4 [9]. The 
radiation pattern of each mode will have a specific shape associated with it; for example, the TM11, 
figure3.7 (a), will not have any nulls in the radiation pattern because there is not any azimuth 
variation (n).    
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Figure 2.4 Annular Ring Patch Antenna Mode a) TM11  and b) TM12 [9] [10] 
With the understanding of the field and current distribution of the annular ring patch 
antenna, the design process could be introduced. There are number of numerical techniques that 
can help determining the resonant frequency. One of these is by obtaining an approximate resonant 
frequency by applying the conventional approach utilized for many other patch antennas. Using 
the roots of equation (2.7), the resonant frequency is determined by setting [1]. 
 𝑘 =
𝑘𝑛𝑚𝑎
𝑎
=
𝜒𝑛𝑚
𝑎
 
      (2.8) 
 𝑓𝑛𝑚 =
𝜒𝑛𝑚𝑐
2𝑎𝜋√𝜀𝜇𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
 
(2.9) 
where c is the velocity of light in free space and 𝜒𝑛𝑚 is the root of the characteristic equation using 
the Bessel function (attached in appendix A for the ratio b/a=2) and ϵ the dielectric constant. The 
root of the characterization equation 𝜒𝑛𝑚 determines which mode to be excited. The ratio of b/a is 
a) b) 
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two. For more accurate resonant frequency values, the effective permittivity 𝜖𝑒 of the patch should 
be calculated as given by Schneuder  [11]:     
 𝜀𝑒 =
1
2
(𝜀 + 1) +
1
2
(𝜀 − 1)(1 +
10𝑡
𝑊
)−1/2 (2.10) 
For the composite material, an approximation of the permeability can be calculated utilizing 
equation 2.11, which is primarily developed for permittivity: 
𝜇 𝑐𝑜𝑚𝑝𝑠𝑖𝑡𝑒 =
ℎ1
ℎ1 + ℎ2
(𝜇1) +
ℎ2
ℎ1 + ℎ2
(𝜇2) (2.11) 
where ℎ1 and ℎ2are the thickness and 𝜇1and 𝜇2 are permeability of the material one and two, 
respectively.  The uniqueness about the annular ring antenna is its smaller size in comparison with 
the patch design and the Q-factor is lower. This is because the energy stored underneath the 
metallization is less, and as a result, the bandwidth is broader [7]. The bandwidth depends on the 
operation mode of the resonant frequency.  
2.2.3.  Feeding Techniques:  
The feeding technique is a pivotal factor in the antenna design as it is the method to couple 
the power to the radiated element. There are a couple of different techniques such as probe feed, 
microstrip feed, aperture feed, and coplanar waveguide feed. Each one of these techniques has its 
advantage and disadvantage, and depending on the design and how the power wants to be coupled, 
an appropriate technique can be chosen.      
The probe feeding technique is the most popular. This technique is depicted in Figure 2.5. It 
couples the microwave power to the metallic patch through the inner conductor of the coaxial line 
whereas the outer conductor of the coaxial connects with the ground. There are several advantages 
of this technique such as easy fabrication and low spurious radiations [2]. However, there are 
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several limitations that cause it to be excluded as an option for some designs. One of these 
limitations is using it for feeding an array. In this scenario, the most challenging task is the 
fabrication. Moreover, in case of broader bandwidth, a thicker substrate is required, and as a result, 
a longer probe is needed. Consequently, the surface wave, the spurious radiation, and inductance 
will increase and result in poor efficiency [1].     
 
Figure 2.5 Probe Feeding for a circular antenna [2] 
Another technique of feeding is the microstrip feed, as shown Figure 2.6. This excites the 
microstrip antenna by a microstrip line on the same substrate planer. This is a very easy fabrication 
process as basically it is the continuation of the radiated patch. The limitation of this technique is 
the mismatching because the highest impedance is at the edge of the patch whereas the input 
microstrip feed line is 50Ω.       
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Figure 2.6 Microstrip feed for a rectangular patch antenna [2] 
Figure 2.7 shows a configuration of the aperture coupled a microstrip feed. This technique 
uses a common ground that has an aperture in between two substrates [1]. The upper substrate has 
the patch antenna. The lower substrate contains the feed line from where the patch on the upper 
substrate couples the power through the aperture. The size and shape of the aperture can be 
optimized to improve the bandwidth. The feed structure is shielded and isolated from the radiated 
patch so this technique outperforms the others.  
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Figure 2.7 Aperture Feed [12] 
2.2.4. Substrate Material 
The substrate of the antenna is the main factor that influences the antenna characteristic as 
the two substrate parameters of permittivity and loss tangent. These two parameters impact the 
electrical performance not only for antennas but all RF circuits. Any design of antenna has a 
different preference for these two parameters to fulfill the requirements. Moreover, the mechanical 
support is also another important factor that has to be considered. There are varieties of 
commercially available substrates that are used for RF circuits and antennas specifically. For 
instance, the glass based FR4 Gloss Epoxy of 4.4 permittivity and .02 loss tangent has been widely 
used for antenna design, and this was the substrate that had been used for nanoparticles antenna 
fabrication [13]. Furthermore, an example of a less rigid substrate is a polymer base, such as silicon 
and Alumina with permittivity of 11.9 and 9.8 respectively. When these last mentioned are 
employed, it is supposed to provide lower efficiency in term of the far field performance because 
of their high permittivity. There are a couple of challenges for fabrication in comparison with the 
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Glass base substrate. For the purpose of miniaturization, the higher permittivity in order of 
hundreds has been explored recently. 
The ferroic based substrates have been investigated in recent years because they provide 
tunability for a frequency and a configurable radiation pattern. The use of these types of substrate 
materials is based on altering the dielectric or magnetic constant by using an external biasing field. 
FeCo nanoparticles are a ferromagnetic noncommercial material that had been investigated for RF 
applications. This cubic nanocomposite material in the range of 100nm, shown in Figure 2.8, 
surpasses the conventional Ferrites, which have micrometer-size grains, because it has a high 
saturation magnetic moment, low coercivity and high permeability at high frequencies [14]. For 
more information about the manufacturing process, one can see  [15]. 
The FeCo nanoparticles are a novel ferromagnetic material that has high permeability. The 
saturation magnetization (Ms) of about 240emu/g at the room temperature for the FeCo alloy is 
the highest that can be reached at 10kG biasing. Moreover, the body centered cubic texture is a 
low magnetic crystalline anisotropy, so as a result, the FeCo has a low coercivity. This submicron 
sized soft magnetic nanoparticles and the composites were produced by bottom-up and top-down 
synthesis methods. The size of the reported nanoparticles is 40nm. The final nanocomposite 
designed material was achieved by blending various ratios of FeCo alloys and nanoparticles to a 
dielectric binder. This material had been employed in the design of the tunable annular ring antenna 
that will be discussed on Chapter 3. The X-ray diffraction pattern and TEM morphology, which 
shows a cubic shape, of the Fe60Co40 alloy nanoparticles is shown in Figure 2.8 [13].  The 
maximum magnetization for the alloy nanoparticles is 240emu/g. However, 190 -205 emu/g for 
the gram scale synthesis of FeCo is the saturation magnetization. The FeCo alloy nanoparticles 
have intrinsic coercivity of about 150-165Oe. 
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Figure 2.8 (a) transmission electron microscopy image; (b) Gram scale synthesized Fe60Co40 
alloy nanoparticles [14] 
Using the composite transmission line with magnetic nanoparticles Fe60Co40, it was cured 
on the groove which was made in the FR4 substrate in the approach for the extraction. The 
extraction was conducted using the phase analysis. These processes provide the value of both the 
real and imaginary permeability as listed on Table 2.2.   
2.2 Exration of FeCo nanoparticles complex magnetic permeability [15] 
 
Another example of ferroic material is the ferroelectric BST BaSrTiO3 which has the merit 
of low current leakage hence reducing the losses. This material has the advantage over the 
ferromagnetic FeCo because the loss tangent is low. The BST thin film has a permittivity of 350 
and loss tangent of 0.02 around 1 GHz  [16]. Figure 2.9 shows the realized material.   
a) b) 
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Figure 2.9 Cross section (a) and surface (b) SEM micrograph of the deposited thin film [16] 
2.3 Tunable Antenna: 
In this section, three different types of tunability are discussed, starting with the optically 
tuning antennas. It utilizes an optical fiber source of power as a parasitic component for tuning the 
resonant frequency. Then, the other type of tuning parasitic components that employ the electrical 
switches are reviewed. Lastly, the ferroic materials are illustrated as the state of art in terms of 
tunable materials. 
2.3.1 Optically Tuned Antennas:  
Using the photoconductor silicon switch as a tunable component was introduced by, Tawk, Y 
[17]. The physical properties of these silicon elements will change when it is exposed to an optical 
source at a specific wavelength (808nm). Consequently, the silicon element material will alter 
from a semiconductor to a metal -like state. In order to characterize the material when various 
amounts of optical power intensity illuminate toward the silicon, the transmission line extraction 
method was used. Table 2.3 shows the extracted loss tangent and dielectric constant. The optical 
fiber intensity alters both dielectric constant and loss tangent of the silicon switch. As the intensity 
increases, the dielectric constant decreases, yet the loss tangent increases.  
a) b) 
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Table 2.3 The exertion of Silicon properties at different basing power of the optical fiber 
using a transmission line at . 
  
With the concept of the optical switch explained, below is an example illustrating how it 
can be employed. The antenna design consists of a disc antenna enclosed by an annular ring, as 
shown in Figure 2.10. The separation between the two structures is 1mm in width where the silicon 
switches are placed to connect the two antennas to perform the tunability.     
 
 
Figure 2.10 Top and Bottom view of the fabricated Antenna with the silicon optical switch  
[17] 
There is a single resonant frequency at the off state of the silicon switch which is around 
19GHz. When the silicon switches are activated, another resonant frequency appears at 12GHz. 
a) b) 
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When the switches are activated the antenna will operate at dual frequency due to the mutual 
coupling between the annular ring and the disk. This antenna does not show tunability but rather 
shows dual frequencies, and the return loss of the downward frequency increases as the power 
focused on switches increases. The radiation pattern of the proposed antenna shows 
omnidirectional radiation with a gain of 10.25dB and 5.42dB. The loss from the switches 
contributes to a drastic decrease in gain.    
Two very important features about this approach of utilizing optical switches are that bias 
lines are not required, and it offers very fast switching in comparison with other switches such as 
electrical switches. However, this design of antenna operates as a dual frequency antenna rather 
than a tunable antenna. In the same manner, the antenna design with 40% frequency tuning and 
beam null shifting was reported by Panagamuwa, [18]. The design as depicted on Figure 2.11 is a 
dipole printed antenna with a wideband coplanar waveguide to coplanar stripline.  One or both 
arms of the dipole can be extended if the silicon switches are activated. By activating one of the 
switches, the radiation pattern can be reconfigured by tilting the main lobe.  
    
Figure 2.11 Photograph of the fabricated switched dipole antenna [18] 
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From Figure 2.12, it can be clearly seen that the frequency shifted from 3.15GHz to 
2.26GHz due to the change in the conductivity of the silicon which practically extends the dipole 
arms’ electrical length. The bandwidths are 13.4% and 9.5% for on and off state, respectively. The 
matching of the antenna had degraded as the intensity increased. This is intolerance beyond 20mW, 
which shows very poor return loss. However, it was noted that gain improved due to the increase 
in the power beyond the threshold which enhances the silicon efficiency. 
 
 
Figure 2.12 S11 (dB) vs frequency for different optical power with tunability up to 0.89GHz 
[18] 
A new approach for the tuning patch antenna is illustrated on [8], for the design consists of 
a square patch antenna that is connected with a short stub of the same width of the patch by a PIN 
diode. The tuning was achieved by using the PIN diode, which is optically controlled to connect 
the patch with a short stub. By optically controlling the reactance of the PIN diode, the radiation 
frequency will be tuned. The measurement results show an 80MHz downward tuning from zero 
biasing to forward biased case. The gain for zero biasing is 7dB but a reduction of 3dB for the 
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forward bias case. With the geometry well designed, the gain is high even after the tuning. This is 
a good indicator for the feasibility of this technique.   
 
Figure 2.13 Return loss vs frequency a) Zero biased PIN diode b) forward biased PIN diode 
[8] 
The optically tuned antennas are not just able to tune the resonant frequency but also can 
change the radiation pattern orientation or even switch between directional and omnidirectional 
patterns as had been introduced by Patron [19]. The optically tuned antennas have several 
advantages over the previous antennas such as fast switching, easy fabrication, and practicality of 
the tuning method. However, in some designs, the high losses caused by the switches degrade the 
radiation power. This is a drawback in this type of design. In practical terms, the parasitic optical 
power source is difficult to install within the antenna. This is not as the electrical source which can 
be contained within the antenna package. The electrically tuned antenna is discussed next.           
2.3.2 Electrical Tuned Antennas:  
A tunable coplanar patch antenna using a varactor diode (MA46H200) was reported by, 
Holland, B [20]. This method is performed by placing the varactor diode, which works as a tunable 
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capacitor, at the opposite side of the feed point (the radiating edges) shown below in Figure 2.14. 
The resonant frequency will be subjective to the length of L which increases when the varactor 
diode capacitance increases, as well.  Hence, the resonant frequency will shift down as dimensions’ 
change.  
 
Figure 2.14 Schematic shows where the varactor diode placed on a tunable coplanar patch 
antenna [20] 
The band of the reverse bias voltage, which is applied on the varactor diode, is between 0.5 and 
20V. This voltage governs the capacitance value which is between 1.4 to 0.15pF. Figure 2.15 
shows the return loss for different bias voltage points. The tuning of around 0.5GHzb is clearly 
seen in the return loss plot. Moreover, the bandwidth of the different biases decreases as the applied 
voltage increases. The provided gain was the normalized value which did not reflect the real values 
of the gain. However, it can conclude that the bias that has a higher return loss has the higher gain.  
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Figure 2.15 Measured return loss of the coplanar antenna for various bias voltages was 
applied to the varactor diode [20] 
The electrical switches that are employed in the RF circuits for tunability have the 
disadvantages of high losses and slow switching. As an alternative, the microelectromechanical 
system (MEMS) components reduce the power losses and the parasitic effects. These tunable 
capacitors can be used for various types of tunability other than resonant frequency, such as 
bandwidth, polarization, and radiation pattern.   
A microstrip patch antenna with integrated RF and microelectromechanical system 
(MEMS) capacitors for the purpose of performing a tunable frequency is presented on [21]. This 
was achieved by loading the patch antenna with a coplanar waveguide stub that has variable 
MEMS capacitors which are placed in parallel order, depicted on Figure 2.16. The height of the 
MEMS is due to the changes in dc voltage. The coplanar waveguide is connected to the radiation 
edge of the patch antenna. As the applied dc voltage on the MEMS capacitor is tuned, the CPW 
under load will change and results in the resonant frequency changes too.  
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Figure 2.16 photograph of the fabricated antenna structure using the MEMS capacitors  [21]  
The tuning range was about 0.3GHz downward from the 16.05GHz, and a second resonant 
at 12GHz due to the loaded CPW was observed. The voltage increases from 0 to 11.9V, and the 
MEMS height capacitive gap decreases from 1.5 to 1.4um.  
 
Figure 2.17 The reflection confection for different voltage 
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2.3.3 Ferromagnetic 
As the characterization and manufacturing process of FeCo nanoparticle material had been 
discussed in Section 2.2, the method of tunability and parameters related to it will be introduced 
in this section with an example of tunable antenna application.  
The ferromagnetic material, in general, has a relation with the magnetization of the material 
and the external magnetic field as in Equation (2.12)  [22]. This relationship governs any 
ferromagnetic material. As a result, a tunability of different strengths can be accomplished 
depending on these two factors. The slope of the magnetization versus the magnetic field intensity 
represents the permeability  [22]. 
 𝑀 = (𝜇𝑟 − 1)𝐻 (2.12)  
This relationship can be seen more clearly from Figure 2.18. As the magnetic field increases, the 
magnetization of the material increases as well. However, this is until some point when the 
magnetization reaches the saturation level. This occurs when the increase in the magnetic field will 
barely change or not change at all. The slope of this plot of the magnetization and magnetic field 
shows the permeability of the material, which reduces in values as the magnet and magnetization 
increase. 
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Figure 2.18 room temperature magnetic propertiesFe60Co40alloy nanoparticles [15] 
In order obtain the real and imaginary part of magnetic permeability of the FeCo material, 
an excretion method was utilized. This method used the resonator ring with 8 to 15mils 
nanoparticle thickness with and without permanent magnets. Table 2.3 shows the values of 
extracted complex permeability [23]. 
Table 2.4 Parameter of extraction using the curve fitting with and without magnetic field 
[23]  
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 One of the pioneering work on this topic was reported in a paper by Pozar, D.M [24]. This 
paper introduces a microstrip antenna on a ferrite substrate. The resonant frequency of this 
designed antenna is tuned by applying a DC magnetic bias field underneath the substrate. The 
tunability was oriented on the three different axes. The y-bias is the best obtaining results for 40% 
tuning band and reasonable radiation pattern.  
The designed antenna is a conventional rectangular patch antenna with probe feed. The 
utilized material is Trans-Tech G-113, with a thickness of 1.27mm, permittivity of 15 and 
saturation magnetization of 1720G. For the purpose of testing, the permanent magnet was used for 
biasing whereas the electromagnetic bias is more suitable in practice. The resonant frequency of 
the designed antenna is 4.6GHz. The results of a different tunability are shown in Table 2.5. At 
the y bias, the tunability shifts downward which is unlike the other two.   
2.5 Tuning range for different orientation of magnitic field [24] 
Bias Tuning range (GHz) Percentage 
X 4.6-5.5 16 
Y 4.6-2.8 39 
Z 4.6-5.5 16 
 
2.3.4  Ferroelectric:  
The manufacturing and properties of BaSrTiO3 (BST) thin films of 350 permittivity and 0.02 
loss tangent at zero bias had been discussed in section 2.2. The real and imaginary parts of the 
permittivity and tunability of this material have been discussed over a good range of frequency 
[16]. Tuning this material requires a bias field of 400kV/cm. The permittivity as a function of the 
bias field is shown in Figure 2.19.   
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Figure 2.19 Relative permittivity as a function of the electric bias field for different 
frequencies at room [16] 
This reported BST material had been utilized to design a tunable notch antenna. This 
antenna had been loaded with a variable metal/insulator/metal or MIM capacitor which is based 
on BST. This BST based capacitor was placed on the rectangular notch slot, as shown on Figure 
2.14. Applying a DC bias voltage on the BST capacitor alters the permittivity of the BST. As a 
results, the electrical length of the slot changes accordingly. This change in permittivity allows the 
frequency tuned and reconfigurable antennas. The permittivity of this design antenna reduced from 
250 to 150 when the bias voltage of 30V was applied. The frequency tuned by about 160 MHz as 
depicted on Figure 2.21.It is worth mentioning here that the measured return loss shows a loss 
antenna because at higher frequency, the return loss reaches 10dB. This antenna design has very 
poor efficiency as the radiation is very weak.                
31 
 
  
  
Figure 2.20 a) Scheme of the notch antenna b) details of the varactor based on a BST thin 
film which is the MIM capacitor [25] 
 
Figure 2.21 Measurement vs simulation of the reflection parameter (S11) of a notch antenna 
loaded by a BST varactor [25]  
32 
 
  
2.4 Gain Enhancement  
2.4.1  Non-stacking Gain Improvement 
This proposed antenna Dielectric resonator on patch (DRoP) was designed using the technique 
of a single mounted single horn (SMSH), depicted on Figure 2.22 [26]. The aim of this design is 
to enhance the gain and maintain the same bandwidth. The dielectric resonator is employed as a 
feed to the surface mounted short horn. They obtained the final design by using an analytical 
approach which examined different heights of the surface mounted short horn, as shown Figure 
2.23. The optimum gain was reached when the height H=7 to 8mm, while the bandwidth remained 
the same. In comparison with the conventional DRA, the gain was improved by 5dB to 9dB at the 
expenses of the 5dB of the back lobes, and maintained the same bandwidth of .5GHz.   
 
Figure 2.22 Cross DRA on patch with SMSH [26] 
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Figure 2.23 Gain variation with the height of the SMSH and frequency for b =27mm [26] 
Another method is introduced by taking advantage of the circularly periodic 
electromagnetic bandgap (EBG) substrate to enhance the gain and performance [27]. A circular 
patch antenna on a normal substrate of 2.55 permittivity is fabricated first to compare it with the 
proposed EBG substrate. The EBG, depicted in Figure 2.24, is constructed and organized using a 
periodic annular ring and vertical grounded via holes. As the three concentric rings and via holes 
are installed, the gain will improve by 2.6dBi. The author mentions that this improvement is not 
only due to this technique, which reduced the surface waves as shown in Figure 2.25, but also to 
the coupling between the rings.    
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Figure 2.24 Patch incorporated with the cylindrical EBG substrate [27]  
 
Figure 2.25 Simulated normalized magnitude E versus the distance at the surface of the 
antenna [27]  
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2.4.2  Stacking Superstrate 
The stacking substrates have the advantage over non-stacking technique because they are easy 
to fabricate and do not need any major modification on the original antenna. In order to enhance 
the gain of any microstrip antenna topology by using the vertically stacked superstrates, the vertical 
size of the antenna will be much larger as the number and size of these superstrates increase. 
However, this is required in some applications. For example, the local positioning system 
applications require high directivity and a compact sized antenna. This work employed the 
conventional Yagi-Uda concept that was introduced by Prof. Ke Wu [28]. This approach uses 
superstrates and parasitic elements, which stack vertically as directors for the microstrip antenna 
and its ground as a reflector. By varying the size of the parasitic elements in addition to the spacing 
between these elements, the optimum gain can be accomplished. The design of disc antenna and 
superstrate were performed on relative permittivity of 2.33 (Rogers RT/Duroid5870) of thickness 
0.762mm. The optimum radius design of the proposed antennas is 0.08λ but for the three 
superstrates the radii are almost twice the driver antenna. The spacing between elements varies 
depending on the optimization process. For instance, the optimum spacing between the driven 
element and director for the dipole antenna topology is 0.1λ whereas in the disc antenna is 0.28λ 
[28].           
A technique of using a square metallic parasitic radiator ring of larger dimensions than the 
driven element was introduced by Bahadir [29], to improve the gain of the conventional square 
microstrip patch antenna. The square metallic parasitic radiator ring is suspended at different 
distances above the driven substrate. This aimed to examine which air gap distance provides the 
best gain enhancement, as shown Figure 2.26. The thickness of the air gap and the gain are 
examined; as the air gap thickness is increased, the gain increases proportionally. This is valid 
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until the air gap height reaches 30mm, but beyond this point the gain starts to degrade. The 
presented approach has improved the gain from 4.5dBi to 7.8dBi. The separation gap between the 
substrate and the parasitic elements of air reduces the losses and surface waves. 
 
Figure 2.26 Improvement in antenna gain as a function of air gap thickness, h [29] 
In the same manner, the gain enhancement of a conventional disk antenna by using an 
annular ring superstrate is proposed in [30]. This parasitic annular ring superstrate which is 
fabricated on a layer of foam is separated by a distance of 20mm from the active antenna, which 
is fabricated on FR4 substrate of a 1.59mm thickness. This was optimized after sweeping the air 
gap height from 5 to 40mm. The parametric study provides the relationship between the gain and 
separation h, as shown in Figure 2.27. This proposed design improved the gain by 3.8dB and return 
loss by 28dB of a conventional disk antenna. 
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Figure 2.27  Variation of proposed antenna’s gain with ‘h’ [24] 
The stacking superstrate designs are not limited to parasitic elements of conventional 
shapes such as the rectangular or ring, which are mentioned above, but are novel designs that have 
been introduced. One of these designs was reported by Dongying [31] and that uses a metamaterial 
inspired superstrate. The idea is to focus the wave toward the broadside which will improve the 
gain by about 7dBi. These superstrates are designed on a Rogers substrate with 3.55 permittivity, 
using the metamaterial unit cell which are designed to meet the condition of zero permittivity by 
utilizing the shape in Figure 2.28. Each superstrate consists of 30x30-unit cells placed above the 
square patch antenna, which was also designed on a Rogers substrate with ε=3.55 with an air gap 
in between. A number of superstrates were there on top of each other with no air gap in between 
them. A potential excitation of higher order modes is clearly seen from the radiation. 
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Figure 2.28 metamaterial slab with effective permittivity equal to zero under the incidence 
of an arbitrary wave; (b) the top view of the zero-index metamaterial unit cell [31] 
A square patch antenna was fabricated, as shown in Figure 2.29. At the top corner of the 
patch antenna, an etching was made to match the input impedance [32].  By adding a superstrate 
of the same shape above the active antenna and applying the concept of offset between the vertical 
superstrates, the gain will be enhanced on a wide band as it is evident in Figure 2.30. Moreover, 
this can affect the poles which ultimately broadens bandwidth. 
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Figure 2.29 Geometry of the proposed antenna. (a) Top view. (b) Cross sectional view. (c) 
Patch dimensions [32] 
 
Figure 2.30 Measured gain of the antenna [32] 
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2.5 Critique of Papers and Goals of this Thesis 
2.5.1  Identifying the Best Practices for Antenna Design  
As the researchers have observed, annular ring patch antennas surpass other shapes due to 
their size, bandwidth, and gain. FR4 substrate based antennas were initially fabricated to be used 
as baseline annular ring antenna design structure for reference and then its performance is used for 
comparison with the composite FeCo nanoparticle based antenna structures. This antenna 
realization is based on a probe fed structure because it is easy to fabricate and simulate. 
Modification on this design is being made to be appropriate for the composite substrate 
nanoparticles. Moreover, an improvement on this design was to be created and studied. In addition, 
the FeCo magnetic nanoparticles exhibit change in magnetic permeability when they are exposed 
to external magnetic fields, which in turn are meant to be used for magnetic tuning of the antenna 
resonant frequency. The magnetic tuning is preferable over electrical tuning, which requires 
external circuits that will load the antenna structure and impact the desired radiation pattern. 
However, one of the challenges of the FeCo based antennas is their excessive loss at microwave 
frequencies of 2.4GHz. To improve antenna efficiency and radiative gain of the antenna, staked 
antenna structures are suitable to be considered. Those designs will couple energy from active to 
parasitic passive radiators. 
2.5.2  Proposed Goals of this Thesis  
Tunable antenna structures are pivotal in dual and multi-frequency operation, as they can 
minimize the space requirements for multi-band communication systems. The tunable antenna as 
mentioned before can be constructed using various techniques, each of which has its own 
advantage. The electric and optical tuning are based on tuning parasitic elements that impact the 
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efficiency and result in the gain reduction. The ferroic composite substrates have the advantage of 
low losses and efficient methods of tunability that do not impact the antenna performance. Further 
improvement in ferroic composite antennas can be performed by utilizing the stacking technique. 
Moreover, when a high magnetic permeability material is used, an antenna occupies a smaller 
space. 
The goals of this thesis are to study composite annular ring antennas based on a composite 
substrate of FR4 dielectric with FeCo nanoparticles in terms of operating frequency, bandwidth, 
and antenna tuning due to an external magnetic field. In order to accomplish this evaluation, the 
baseline and composite annular ring antenna structures are simulated using FEM based modeling 
(both COMSOL and HFSS commercial programs), and its overall performance is compared to the 
measured results under external magnetic fields. The overall radiation pattern measurements of the 
antenna are used to quantify the directive gain and half power beamwidth in azimuth and elevation 
planes of the E and H planes. The measured results are compared against the simulated results to 
predict antenna efficiencies with and without external magnetic fields.  
As a result of high loss and poor efficiency of FeCo magnetic nanoparticles at microwave 
frequencies, efficiency improvement techniques of stacked superstrate antennas are studied and 
performance improvements are to be quantified. This method is investigated to enhance the 
antenna gain and overcome poor efficiency of FeCo tunable annular ring antennas. This 
investigation is conducted by the examination of various substrates that have different thicknesses 
and radii sizes of the metallic annular rings as superstrates.  
The following steps are conducted to accomplish the goals of this Master’s Thesis allocated 
for each chapter: 
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1. Performing FEM based modeling and its curve fitting to the measured 
results of the fabricated antennas to quantify both real and imaginary 
permeability parts of the FeCo nanoparticles used in composite 
substrates in Chapter 3.   
2. Perform both near field and far field radiation patterns in both azimuth 
and elevation planes of E and H planes and quantify the antenna gains 
and identifying the antenna efficiency limitations in term of applied 
external magnetic field intensity for the tunable antennas in Chapter 3.    
3. In order to accomplish a higher gain and efficiency magnetically tuned 
antennas, design, optimization, and experimental investigation of 
single and dual stacked antenna structures using both FR4 and 
honeycomb based passive radiators are conducted in Chapter 4 by:    
a. Simulating different superstrates for performance 
evaluation  
b.  Fabricating the optimized superstrate designs 
c. Performing the measurement of return loss and far 
field radiation pattern of magnetically tuned FeCo 
based antennas with superstrates  
4. In order to improve overall tunable antennas designs, alternative design 
topologies to ferromagnetic tunable antennas are proposed as part of 
recommendations for future work in Chapter 5. The specific 
approaches are: 
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a. Improvement on ferromagnetic materials in reducing 
magnetic permeability loss tangent 
b. Design topologies using ferroelectric material, such as BST  
c. Excitation of TM12 mode of annular ring antennas. 
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Chapter 3 Design of Ferromagnetic Based Tunable Antenna 
3.1 Introduction: 
Even though the Ferrite material had a low saturation magnetization which requires a high 
and strong permanent magnet, in the recent years, it has been exploited in the research for the RF 
application [33]. As a result, these studies have been conducted on the Ferrite alloy to reduce the 
required bias magnetic field. The ferromagnetic nanoparticles FeCo is one of these alloys, which 
are not commercial, and have been employed in the design of a tunable annular ring antenna at 2.4 
GHz. The designed annular nanoparticle antenna provides 100 MHz of tunable range by utilizing 
a 1kG permanent magnet.  The chapter is dedicated to providing the design of the annular ring 
antenna for both the baseline and the nanoparticles as well as for performing simulations and 
measurements that evaluate the performance and efficiency.  
In this chapter, the process of designing the annular ring antenna in an FR4 substrate as baseline 
is introduced. Then, the tunable nanoparticles composite antenna is illustrated from modifications 
to the baseline antenna. The resonance frequency tuning mechanism using a permanent magnet of 
the nanoparticles is explained after demonstrating the nanoparticle tuning. Lastly, the return loss 
and far-field measurement and simulation of both antennas are listed for evaluation and discussion.  
3.2 Annular Ring Design Aspects: 
There are a variety of aspects that have to be taken into account such as shape and substrate 
material before designing a microstrip antenna. As had been mentioned in the literature review, 
there are different merits for any microstrip antenna shape. The annular ring antenna had been 
chosen over other shapes in this research because of several reasons. First, it is small in size in 
comparison with others for the same resonant frequency [1]. Second, the inner to outer radius ratio 
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can control the resonant modes which is a very important factor in the antenna application. Third, 
the potential of broadening the bandwidth when operating at specific modes is a pivotal feature 
especially for broadband applications. Moreover, the bandwidth is not only related to the shape of 
the antenna but to the substrate material parameters too. This relationship can be explained by 
knowing that the loss tangent is one over the quality factor which ultimately affects the bandwidth. 
For that reason, FR4 substrate of 4.4 dielectric constant and 0.028 loss tangent was a good option 
for fabricating the antenna application.     
 
The proposed baseline annular ring antenna was designed at 2.4GHz, as shown Figure 2.3. 
The initial dimensions of the inner (a) and outer (b) radius were calculated using Equation (2.9). 
The parameter 𝜒𝑛𝑚 in the equation mentioned above is the root of the Bessel function that specifies 
the operating mode which is TM11. Because reducing the size as much as possible is one of our 
goals, TM11 was chosen. Moreover, the dielectric constant can be used for the sake of simplicity, 
but for more accurate dimensions, the effective permittivity of Equation (2.10) does provide more 
accurate dimensions at the specified resonant frequency. The thickness was 59 mils. The feeding 
technique was probe feed as it is the simplest in terms of fabrication and modeling. The calculated 
dimensions are shown in Figure 3.1.  The baseline antenna is utilized as the reference for the 
Fe60Co40 nanoparticles annular antenna.      
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Figure 3.1 top and side view of the proposed baseline annular ring antenna   
The Fe60Co40 ferromagnetic material, which was reviewed in detail in chapter 2, is integrated with 
a binder to be solidified and then placed on the FR4 substrate. The depth of the nanoparticles was 
investigated to reach the optimum depth of 40 mils. The final design was performed with same 
dimensions of the baseline FR4 except with the addition of the nanoparticles underneath the 
annular ring radiator, as can be seen on Figure 3.2. The fabrication process of these antennas will 
be introduced in the next section.    
.  
Figure 3.2 Cross section of the physical layout of the composite annular ring antenna with 
Fe60Co40 nanoparticles 
Fe60Co40 Nanoparticles 
40mils 
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3.3 Fabrication Process  
The manufacturing of the composite annular ring antenna with the FeCo nanoparticles passes 
through several steps.  In Figure 3.3, the summarized procedures are introduced by the flowchart 
which describes all the steps of fabrication of the composite annular ring on FR4 substrate of 
thickness 1.5mm. The grey boxes in the flowchart describe the steps that are done by the material 
lab company.  
 
Figure 3.3 Flowchart of the manufacturing procedure of the composite substrate. 
Using the LPKF milling machine for grooving the composite FR4 substrate is the initial 
step before placing the 40nm cubic nanoparticles on the substrate, as depicted in Figure 3.4 a. The 
created groove has the same planar dimensions of the metallic annular ring and 40 mils of depth. 
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The filling technique is used for placing a 40 mils thick layer of nanoparticles in the groove. It is 
a screen printing squeegee technique, as shown Figure 3.4 b. The 40nm cubic nanoparticles are 
combined with a binder in the ratio of 80:20 respectively, for solidifying the material. After the 
nanoparticles are cured and the SMA coaxial port is inserted from the back side of the antenna, a 
milled copper sheet annular ring of an average diameter of 18.5mm is placed on top, as can be 
seen in Figure 3.4 c. The fabricated tunable nanoparticles antenna with its dimensions is depicted 
in Figure 3.5. The dimensions have been slightly changed from the calculation because the material 
extraction was performed on the annular ring resonator, Malallah [23], that has the same 
dimensions as the fabricated antenna. This modification will reduce the error on the measurement.          
 
Figure 3.4 Different images of fabrication process for the magnetically tuned antenna using 
FeCo nanoparticles a) shows the groove where the Nanoparticles are placed b) Nanoparticles 
with binder place in the grove c) Attaching the metallic annular ring radiator d) Microscope 
photo of the Nanoparticles. 
a) b) 
c) d) 
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Figure 3.5 the Fabricated Nanoparticle Tunable Antenna 
3.4 Magnetic Field Tuning Mechanism:  
Frequency tuning of the nanoparticles antenna is reached by applying an external permanent 
magnet which acts as a bias circuit underneath the tunable antenna, as can be seen Figure 3.6.  As 
has been mentioned before in section 2.3, the magnetic field will induce the magnetization of the 
material. Hence, the permeability alters until the magnetization reaches the saturation level where 
the magnetization has a fixed value even if a higher magnitude of magnetic field is applied. After 
Applying a 1kG magnetic field, the permeability reduces from 9.5 to 8.2. This reduction on the 
value of the permeability provides upward tuning of the resonant frequency by78MHz which will 
be discussed with all of the measurements in details in the next section. 
In practical terms, it is more realistic to have a magnetic field that can be tuned electrically not 
mechanically. This will provide more opportunity to be employed by many applications.   
 
 
FR4 substrate 
Feed point 
Inner diameters Outer diameters  
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Figure 3.6 Permanent Magnet (1kG) that placed in the back of the antenna for purpose of 
tunability. 
3.5 Measurement and Results: 
After the design and fabrication had taken place, the measurement was performed to evaluate 
the conducted work. The measured antenna parameters are tabulated in Table 3.1 which shows the 
resonant frequency, return loss, gain, and axial ratio. The Agilent Vector Network Analyzer (VNA) 
was utilized to measure the resonant frequency and return loss, but the gain and radiation pattern 
were measured using the Anechoic Chamber. This measurement method and calculations are 
detailed in Appendix C.  
As can be seen clearly from Table 3.1 and Figure 3.7, the resonant frequency of the baseline 
shifted downward from 2.81GHz to 1.83GHz after the nanoparticles were placed, but the return 
loss decreased by about 4dB, which indicated that the impedance had changed and mismatch 
existed. This can be rectified by changing the position of the feed point or using another feeding 
technique. The shifting in the frequency by 1GHz while maintaining the same size antenna 
introduced the idea of miniaturization. As the frequency decreases, the antenna size is supposed to 
increase; however, this is not the case since the antenna is loaded with nanoparticles. The material 
 
Permanent Magnet 
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composed of the FeCo nanoparticles has high losses at a higher frequency. If the return loss of the 
nanoparticles is compared with the baseline at the higher end from the resonant frequency, it 
appears that the return loss of baseline approaches almost 0dB while the nanoparticles has larger 
values.        
Frequency tuning of around 100 MHz upward had been reached when applying a 1kG 
permanent magnet underneath the composite antenna, as shown Figure 3.6. It was evident that the 
bias magnetic field not only tuned the antenna but also enhanced the overall performance as the 
return loss increased by about 1.5 dB which means the matching is improved.  
Table 3.1 Antenna parameter (resonant frequency,return loss, gain, axial ratio) using 
annular ring antenna with 1mm FeCo nanoparticles loading and 1kG applied field [23] 
Ring Antenna 
Type 
FR4 Baseline 
FR4 Baseline 
With 0.1T 
Nanoparticle 
Nanoparticle 
With 0.1T 
Resonance 
Frequency 
(GHz) 
2.81 2.81 1.83 1.94 
Return Loss 
(dB) 
13.2 13.2 8.2 9.7 
Gain (dBi) 2.8 2.8 -4.3 -3.2 
Axial Ratio 
(dB) 
12 10 10 24 
  
Directive gain and radiation pattern shape are other pivotal characteristics of the antenna. 
The baseline antenna has a gain of 2.8dB which is lower than the average gain of microstrip 
antenna because it operates at TM11. This mode is considered a poor radiator mode in comparison 
with other high order modes, but it was chosen because of the miniaturized sized antenna. The 
radiation pattern is shown in Figure 3.8 which has no side lobes or nulls. This indicates and 
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confirms that the antenna operates at TM11 mode. The tunable nanoparticle antenna gain degraded 
by about 7dB from the baseline antenna but the radiation pattern maintains the same shape, as 
shown in Figure 3.9. This loss is caused by the nanoparticle material as mentioned above. 
However, exposing the composite nanoparticle antenna to the bias magnetic field reduced the 
losses and preserved the same antenna pattern shape. This is reflected in the gain which was 
improved by 1 dB for the same antenna without a magnet. Both antenna designs are linearly 
polarized as the axial ratio is more than 10dB.               
 
Figure 3.7 Measured return loss of baseline and nanoparticles antenna with and without 
Magnet  
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Figure 3.8 Measured E- and H-Planes FR4 normalized Radiation Pattern 
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Figure 3.9 Measured, E-Plane and H-Plane, of Nanoparticles normalized Radiation Pattern 
with and without 0.1T Magnetic Field. 
3.6 Annular Ring Simulation 
After the measurement of both antennas’ baseline and nanoparticles had been performed, the 
technique of curve fitting was needed in order to extract the material parameter parts, in other 
words, the permeability of the nanoparticles. This can be accomplished by modeling the antenna 
by the finite element method simulation such as COMSOL and using primarily the S-parameter 
measurements as reference. Sweeping the parameter needs to be conducted until the simulation 
result and measurements are a match. Once they are matched, the parameter value is obtained.  
This will be introduced in detailed next.      
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The same dimensions of the tested fabricated antenna were used to model it in the COMSOL 
software. The maximum element size of meshing for the modeled antenna as shown in Figure 3.10 
was 0.1 of the minimum wave length. This provides more accurate simulation and minimizes the 
chance of error. The spherical layers were employed for several purposes, such as to truncate the 
electromagnetic fields and work as a perfect matching layer. Figure 3.11 shows the modeling of 
the composite nanoparticle antenna.       
 
Figure 3.10 The Setup of the FR4 annular ring antenna on COMSOL 
In order to perform the curve fitting of the nanoparticles antenna using the one port S-
parameter, three factors had to be considered and to know how they control the characteristic 
parameters of the antenna. These characteristics are the probe feeding point as well as the real and 
imaginary parts of nanoparticles’ permeability. The probe feeding position controls the return loss 
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value, which is a result of impedance matching, at the resonant frequency.  As the feed point 
position moves away from the inner ring of the antenna, the impedance increases. The real part of 
the permeability gives different resonant frequencies for different values. Lastly, the imaginary 
part, which represents the losses, broadens or shrinks the bandwidth of the antenna. This procedure 
was performed on the FR4 first for confirmation and then applied to the composite antenna. After 
the sweeping was performed, and all of the aspects mentioned above were considered, the result 
of extraction of the FR4 and nanoparticles with and without a bias magnet were tabulated in Table 
3.2.  Moreover, Figure 3.12 shows the curve fitting technique of the measurement and simulation 
for the return loss of both the FR4 and the nanoparticles with and without a 1kG magnet.          
 
Figure 3.11 Physical layout of the antenna with nanoparticles using Multiphysics FEM 
simulator, COMSOL 
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Table 3.2 The extraction parameter from the curve fitting, real part and loss tangent FR4 
permitivity and FeCo permiability  
 
 
 
Figure 3.12 Measured return loss of FR4 & nanoparticles antennas with curve fitting using 
COMSOL Multiphysics. 
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The antenna performances for different parameters were summarized in 3.3 which listed 
comparisons between measurements and COMSOL simulations in term of resonant frequency, 
return loss, gain and axial ratio. The gain results show some differences between the measurement 
and simulation even when they have the same pattern value. This can be justified by the fact that 
COMSOL does not account for all source of loss. However, Figure 3.13 and Figure 3.14 show the 
measured and simulated antenna radiation patterns that have good agreement [34].  
3.3 Measurement and simulation antenna parameters (resonant frequency, return loss, 
bandwidth, gain, HPBW, axial ratio) using annular ring antenna with 40 mils FeCo 
nanoparticles loaded and 1kG apply magnetic field       
Annular  
Ring Antenna 
Type 
FR4 Baseline 
FR4 Baseline 
With 1kG 
Nanoparticle 
Nanoparticle 
With 1kG 
Resonance 
Frequency 
(GHz) 
Measured 
2.91 2.91 1.970 2.048 
Simuated 2.90 2.90 1.90 2.02 
Return Loss 
(dB) 
Measure 
9.63 9.63 7.07 9.53 
Return Loss 
(dB) 
Simulated 
9.60 9.60 7.10 11.1 
Measured 
Gain (dBi) 
2.8 2.8 -4.3 -3.2 
Bandwidth 
(MHz) 
120 120 142 146 
Measured 
HPBW 
110 110 140 155 
SimulatedHPB
W 
115 115 150 142 
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Figure 3.13 Measured and Simulated E- and H-Planes FR4 Radiation Pattern 
SimulatedGain 
(dBi) 
5.027 5.027 -4.554 -2.808 
Measured 
axial Ratio (dB) 
12 10 10 12 
Simulated  xial 
Ratio (dB) 
>20 >20 >20 >20 
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Figure 3.14 Measured and Simulated, a)E-Plane and b)H-Plane, of  Nanoparticles Radiation 
Pattern with and without 0.1T Magnetic Field. 
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3.7 Conclusions 
The composite ferromagnetic antenna introduces the idea of using different base materials in 
one antenna, which is an important addition to the antenna design in terms of the tunability and 
miniaturization. As non-composite ferromagnetic substrates suffer from great losses, the 
composite material reduces this problem to a limited extent because the losses of the material are 
directly dependent on the type of the composed alloy.  
The design aspects of the annular antenna were discussed in addition to how the FR4 design 
was modified for the composite nanoparticles allowing for miniaturization. The tunability 
mechanism and the method utilized for applying the bias magnetic field maximizes the 
magnetization of the material, so the permeability is altered as a result. The baseline antenna and 
nanoparticle antenna fabrication was performed on FR4 substrates with additional modification to 
the location of the nanoparticles underneath the metallic radiator. The measurement and simulation 
is illustrated. The best curve fitting technique to extract the complex permeability was used. 
From the measurement results, it can be seen clearly that the gain with the nanoparticles was 
reduced by about 5dB in comparison with the directivity gain measured for the FR4 baseline 
design. Although utilizing the magnetic field enhanced the overall performance and efficiency, the 
gain still was falling in the negative side. In response to these results, this problem had been 
investigated and many methods and techniques were proposed to address it. However, there was a 
restriction, which limited our options of keeping the same original design. Among other 
techniques, utilizing vertically stacked superstrates were found to be a good option to improve the 
existing design of the nanoparticle antenna. This topic will be discussed in more detail in the next 
chapter.                   
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Chapter 4 Gain Enhancement of Tunable Ferromagnetic Antenna 
4.1 Introduction 
The performance of the designed nanoparticle tunable antenna suffers from high losses. These 
losses occur due to the material nature that impacts the gain as it dropped from 2.8dB to -3.2dB. 
The bias magnetic field, which was used for tunability, introduced a kind of enhancement on the 
gain yet was not adequate or suitable for communication applications. There are varieties of 
approaches that mitigate the problem and improve the gain. This can be accomplished by creating 
a new design or by modifying the existing design. The last option was the most appropriate choice 
because the effort and time that had been spent in the nanoparticle tunable antenna design.  
As was reviewed in section 2.4, several techniques that can enhance the gain and the 
bandwidth were listed. Some of these techniques required a new antenna design; however, the 
parasitic stacking superstrates technique, for which no intrinsic modification on the antenna is 
needed, was chosen because it was efficient, easy to fabricate and could be added to the existing 
antenna design.  
In this chapter, illustration of the stacked technique is introduced using the Yagi-Uda antenna. 
Then the design aspects of simulation and the parametric studies for different materials and 
thicknesses of substrates are investigated to reach the optimum design. After that the fabrication 
process of the optimum design is performed to validate the simulation results. Finally, the 
measurement and results are shown for the evaluation of the method. Theory behind performance 
improvement. 
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4.2 Theory of Yagi Uda 
The Yagi-Uda linear Array Antenna is a great approach to meet a high directivity but for the 
cost and the size. This antenna includes several linear elements: the driven antenna which is fed 
by a transmission line, reflector, and the parasitic directors that are induced by mutual coupling 
[2]. The optimum design can be accomplished by adjusting the length of the elements and the 
spacing between them, as well. This technique is the most appropriate solution for the nanoparticle 
antenna that suffers from gain attenuation to enhance the gain and directivity, as well. The parasitic 
superstrates with metallic annular ring above the active antenna were employed similarly to the 
conventional Yagi director, but in this design, they were in a substrate. The antenna design itself 
cannot be modified hence the Yagi-Uda method will be applied partially. In other words, the 
spacing between the grounds, which works as a reflector, and the FR4 substrate cannot be 
modified. In contrast, the spacing between the active antenna and the superstrates and the passive 
annular ring width can be optimized to accomplish high gain. Typically, the spacing between the 
active antenna and director on the conventional Yagi-Uda antenna is between 0.2 and 0.3𝜆0 and 
the director is a shorter length by around five percent. This is of course in reference to the free 
space wavelength while in the microstrip antenna, the permittivity has to play an important role as 
can be seen below. The distance between the active and director is affected by the permittivity; as 
it increases, the distance decreases [28] by: 
 
𝑑 ≈
𝜆0
4
1
√𝜀
 
(4.1) 
In general, altering the spacing between the active antenna and superstrates impacts the coupling 
intensity between them, and as a result, the directivity improved as long as the parasitic element 
resonated at the same frequency. The bandwidth depends on the size of the metallic superstrate 
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material [35]. The optimized spacing of the dipole microstrip Yagi antenna was between 0.1𝜆0 to 
0.2𝜆0 and the passive element size was around 0.95 of the active antenna [28]. They used three 
superstrates, but adding a fourth one improved the gain by about 0.25dB.  In our design, the spacing 
was 0.073𝜆0.  
This approach is more appropriate rather than the dielectric method, which introduces the 
idea of the stacked superstrates by reducing the dielectric constant that result in gain enhancement 
[36] [37] [38]. This is because the resonant frequency shifts down after placing the superstrates 
which means that the dielectric constant increases not decreases. This will be shown later in the 
results and measurement section.   
The Yagi-Uda method of the design can be modified to fit in our approach. The reflector 
already existed on the fabricated antennas, which is the ground of the microstrip, but the spacing 
has to be investigated. Moreover, the width of the annular passive element of the superstrates is 
another important factor since it is the element that performs the coupling between the parasitic 
superstrate to enhance the gain and the bandwidth. In this approach, 2.4GHz, the original resonant 
frequency of the antenna, was targeted to design the parasitic annular ring on the superstrates. The 
number of the superstrates that are stacked above the driver antenna is pivotal because at some 
point or specific number of superstrates, no further enhancement in terms of gain or directivity can 
be performed.  In this design, two superstrates will be considered FR4 and Honeycomb with 4.4 
and 1.005 dielectric constant, respectively.     
4.3 Simulation and Analytical Approach:  
The simulation was performed on HFSS,which provides more accurate far field simulations 
such as gain [39], instead of COMSOL  [40] ,which had been used to perform the original design 
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of the antenna. The simulation was performed by creating a superstrate that has a parasitic metallic 
annular ring above the active antenna, as shown in Figure 4.1. As the overall vertical stacked height 
of the antenna increases, this has to be accounted for by increasing the height of perfect match 
layers surrounding the antenna and superstrates. The dimensions from the wall of the perfect match 
layer (PML) have to be no less than a quarter wavelength to any metallic edges of the antenna. 
Moreover, for accurate simulation and consistency, the perfect match layers that surround the 
antenna have to maintain the same vertical height with or without the stacked superstrate. 
Moreover, the meshing of 0.1mm for the side length of the tetrahedral was performed on the metal 
resonant elements to be striked. In contrast, the feeding point and dielectric metallic boundary are 
less tolerant and coarse at a farther distance from them, as shown Figure 4.2.  In order to validate 
the approach, the simulation was performed first at the baseline FR4 and then proceed to be applied 
to the nanoparticle antenna. 
 
Figure 4.1 The passive superstrate  
Perfect Match Layer 
Parasitic Annular Ring 
of Average diameter 
38mm Honeycomb Superstrate  
The active antenna 
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Figure 4.2  The meshing accuracy a) driven antenna b) Two stacked Superstrates 
The parasitic metallization of the passive superstrates were designed for two different 
average diameters: 18mm as the average diameter of the driven element and 38mm which is 
designed to set resonance at 2.4GHz. These were designed on three different superstrates; FR4 of 
The boundary 
between metallic 
and substrates  
a)  
b)  Two Honeycomb Superstrate elements  
Parasitic Annular Ring 
of Average diameter 
38mm 
Parasitic Annular Ring 
boundary  
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1.5mm thickness, FR4 of the same thickness as the previous case placed above a honeycomb 
substrate which represents the air gap, and a honeycomb substrate of 9.13mm thickness.  The 
investigation was performed for only the spacing between the elements. In order to achieve the 
optimum design of the stacked superstrates, first the aforementioned superstrates of two different 
diameters were placed above the baseline antenna, examined, and the optimum design was 
obtained. The proposed approach was simulated, and the results of FR4 are listed in Table 4.1 and 
fro nanoparticles in Table 4.2. 
From Table 4-1, it is noted that the best gain enhancement for the baseline antenna can be 
accomplished when there is an air gap between the driver antenna and the parasitic elements. For 
honeycomb superstrate, the gain was increased by about 1.3dB and the FR4 with air gap of 9.13mm 
superstrate was improved by 2.1dB. In contrast, the FR4 superstrate without any air gap degraded 
the gain by about 2.2dB because there is not an appropriate separation that can properly get the 
right mode excited in superstrate. These results corroborated the concept of air gap, introduced by 
many researchers, which increases the mutual coupling between the superstrate and the active 
antenna in the normal axis. However, in the case of the nanoparticle antenna from Table 4-2, the 
FR4 superstrate provided no improvement, but the honeycomb based superstrate with FR4 added 
achieved around 1.7dB and 3.7dB of gain improvement is observed without the FR4. The return 
losses of the baseline superstrates show an improved return loss than the nanoparticles based 
antenna. This difference is because the active nanoparticles antenna has poor matching without 
any superstrates. Before validating these results, the next section will demonstrate the fabrication 
process of the proposed superstrates.  
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Table 4.1 Simulated results of  baseline stacked antenna with FR4, FR4   & Honeycomb, and 
Honeycomb superstrates of two average diameter 18mm & 38mm 
Superstrate Type No FR4  Honeycomb + FR4 Honeycomb 
S
im
u
latio
n
  
Resonance Freq. 
(GHz) 
2.8 2.65 2.75 2.78 
Return Loss (dB) 15 12.1 14.2 21.1 
Gain (dBi) 3.9 1.7 6 5.2 
 
Table 4.2 Simulated results of  nanoparticles stacked antenna with FR4, FR4   & Honeycomb 
and Honeycomb superstrates of two average diameter 18mm & 38mm  
Superstrate Type No FR4 Honeycomb + FR4 Honeycomb 
S
im
u
latio
n
  
Resonance Freq. 
(GHz) 
1.94 1.85 1.95 1.92 
Return Loss (dB) 7.66 6.80 7.20 6.36 
Gain (dBi) -6.02 -6.5 -4.3 -2.3 
 
4.4 Fabrication 
As the active antenna fabrication was demonstrated in chapter three, only the fabrication 
process will be illustrated in this section for different superstrates which were proposed for the 
gain enhancement. Three superstrate designs were proposed and fabricated using LPKF milling; 
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First, there is the 1.5mm thickness FR4 annular ring superstrate with an average diameter of 38mm, 
as shown Figure 4.4, the same previous superstrate attached above the honeycomb substrate which 
represents the air gap of 9.13mm, as shown Figure 4.4; and third the annular ring honeycomb with 
an average diameter 38mm and thickness of 9.13mm, as shown Figure 4.5. 
 
Figure 4.3 FR4 Superstrates Average annular parasitic ring 18mm  
 
Figure 4.4 FR4 superstrate of Average annular ring 18mm with Honeycomb of 9.13 thickness 
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Figure 4.5 Honeycomb of superstrates with annular parasitic radiator ring of average 
annular ring 25mm 
The fabricated superstrates were placed vertically above the driven antenna, as depicted in 
Figure 4.6. The optimum design will be discussed in the next section. The alignment of these 
parasitic elements with the antenna is important because any misalignment impacts the coupling 
power and the achieved antenna bandwidth.  
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Figure 4.6  The optimum superstrate design that obtained above the driven annular 
microstrip patch antenna [41] 
4.5 Validation of the Simulation Results 
In order to validate the simulated results, measurements had to be performed for all the 
proposed superstrate designs.  Table 4-3 and Table 4-4 show the measurement and simulation of 
the resonant frequency, return loss, and gain of the optimum simulated average diameter of each 
antenna [41]. The measurements of the gain were performed utilizing the near-field measurement 
EMscan which is less accurate but is faster than far-field measurement. The measured results of 
the baseline with and without using one superstrate of an average radius of 18mm show an 
improvement in the gain and matching better than the parasitic superstrate of a larger radius. The 
baseline FR4 gain without using any superstrate is 2.8dB at the resonant frequency of 2.8GHz. 
However, the composite nanoparticle antenna without using any superstrates is -4.5dB. The 
improvement varies depending on the superstrate material that had been placed above the baseline 
antenna or the nanoparticle antenna. The superior gain performance of 6.5dB for baseline and 3dB 
for nanoparticles were measured when using the honeycomb superstrate for both antennas. The 
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honeycomb substrate has a permittivity of 1.0005 which, like an air gap, mitigates the electric field 
from being condensed within the superstrate material as in the case of using only FR4 superstrate. 
Thus, the FR4 superstrate provided limited improvement because of high material permittivity that 
traps the electric field. However, when the FR4 had been attached above the honeycomb, a 
prominent gain improvement was achieved in comparison with only FR4 but 1dB lower than the 
only honeycomb superstrate. In contrast, this was not the case for the nanoparticles since only the 
FR4 was better than the honeycomb with FR4 but lower than the honeycomb alone. All of these 
varieties in the performance are related to the distance. The superstrate that is placed at an 
appropriate distance will provide better results. Also worth mentioning is that although the 
composite nanoparticles indicated a negative gain at the simulation, this was not the case when the 
measurement had been performed with EMscan. This is because the EMscan is not as accurate as 
the golden stander anechoic chamber.    
Table 4.3 Measured and simulated resonant frequency, return loss, and gain of the baseline 
antenna with different superstrates of optimum average diameter 18mm amd 38mm 
Baseline Ring Antenna 
 
No Sup. 
FR4 Sup. 
Honeycomb 
+FR4 
Sup. 
Honeycomb Sup. 
M
easu
rem
en
ts  
Resonance Freq. 
(GHz) 
 
2.8 
 
2.7 
 
2.8 
 
2.8 
Return Loss (dB) 10.4 15.0 18.0 12.4 
Gain (dBi) 2.8 4.3 5.6 6.5 
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S
im
u
latio
n
  
Resonance Freq. 
(GHz) 
2.8 2.65 2.75 2.78 
Return Loss (dB) 15 12.1 14.2 21.1 
Gain (dBi) 3.9 1.7 6 5.2 
 
Table 4.4 Measured and simulated resonant frequency, return loss, and gain of the baseline 
antenna with different superstrates of optimum average diameter 18mm and 38mm 
Nano Ring Antenna 
 
No Sup. 
FR4 Sup. 
Honeycomb 
+FR4 
Sup. 
Honeycomb Sup. 
M
easu
rem
en
ts  
Resonance Freq. 
(GHz) 
1.95 1.94 
 
1.9 
 
1.9 
Return Loss (dB)  7.0 5.8 6.2 6.0 
Gain (dBi) -4.5 2.5 2.3 3.0 
S
im
u
latio
n
  
Resonance Freq. 
(GHz) 
1.99 1.85 1.95 1.96 
Return Loss (dB) 7.66 6.80 7.20 6.36 
Gain (dBi) -6.02 -6.5 -4.3 -2.3 
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4.6 Superstrates Optimum Design for Nanoparticles Antenna 
The primary measurements and simulations that were introduced previously had shown that 
the honeycomb structure superstrate with a parasitic annular ring of an average diameter of 25mm 
is the best design among other superstrates, as depicted in the cross section in Figure 4.7. This 
design can be further optimized by employing different parasitic elements, size, material and 
thicknesses of the superstrate. However, the metallic diameter had been chosen initially to resonate 
at 2.4GHz as the active antenna thus no further optimization is needed unless broader bandwidth 
is sought. The optimization of the air gap was performed as shown in Figure 4-8. The plot shows 
that the thickness that had been chosen of 9.13mm is optimum.     
 
Figure 4.7 The optimum superstrate design dimensions and cross section for one superstrate 
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Figure 4.8 The gain at different thicknesses   
For further improvement of the gain, a second superstrate of the same dimensions was 
placed above the first one, as shown in Figure 4.7. The second added superstrate enhanced the gain 
but at the expense of the vertical spacing with the new height of the antenna at 19.76mm. This 
improvement in gain efficiency can be better demonstrated by looking into the current distribution 
and electric field. The mutual coupling between the linear arrays reduces as the number of 
vertically stacked array increases due to the fact that the current is tapered down. This means as 
the number of the vertically stacked superstrates increases, the mutual coupling between the first 
and second superstrates is not as high as the one between the second and third superstrates. In other 
words, as the coupling depends on the current between two consecutive elements, the mutual 
coupling level between the driver annular ring antenna to the first annular ring superstrate is higher 
than the coupling between the first and second superstrates, as shown Figure 4.9 Moreover, the 
current distribution of the TM11 mode of the driven antenna and superstrates are matched up which 
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is considered to be an even mode and a good radiator. The electric field is a result of the current 
distribution and follows the same trend, as shown in Figure 4.10. The vertically stacked 
superstrates focus and direct the electric field toward the broadside as can be seen in figure 4.10 b 
and the radiation pattern in Figure 4.11. In the next section, the measurement of the final design 
of the two superstrates parasitic arrays above the nanoparticle antenna with and without  a  
permanent magnet is introduced.     
 
a) 
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 Figure 4.9 Current Distribution a) driver antenna b) first superstrates c) second 
superstrates 
b) 
c) 
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Figure 4.10 Electric Field Distribution a) active antenna b) first and second superstrates 
a) 
b) 
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Figure 4.11 Radiation Pattern 3D a) active antenna b) first and second superstrates 
 
4.7 Result & Measurement: 
4.7.1 Antenna Parameters 
The measured and simulated parameters of the tunable annular ring antenna with and without 
one or two stacked superstrates are tabulated in Table 4.5. These topologies are compared with 
and without applying magnetic field of kG1  for the resonant frequency, return loss, gain, and 
efficiency.  The resonant frequency shifted slightly downward after the first and second 
superstrates were stacked, as shown in Figure 4.12. However, the 100MHz upward frequency 
tuning was achieved when using kGa 1  magnetic field, which was placed underneath the nano 
antenna, as shown Figure 3.6. The same amount of frequency tuning was maintained even after 
using the antenna stacking. In terms of the return loss, the mismatch is more pronounced with the 
stacked superstrates, but the use of the bias magnetic field improves it.   
a) b) 
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The most accurate measurement of gain was performed using the far-field measurement in the 
Drexel University’s Anechoic Chamber, as listed in Table 4.5. The gain of FeCo nanoparticle 
antenna had been enhanced by about 6.5dB with two parasitic honeycomb superstrates. Further 
improvement of 1.5dB was noted using the magnetic field, which is expected as it reduces the 
losses. A higher improved gain was measured for the first superstrate in comparison with the 
second one because the mutual coupling strength for the first superstrate is higher, and this 
coupling strength decreases as the number of vertically stacked superstrates increases. This was 
carried out until reaching the point where the gain started to degrade, such as the third superstrate 
in our design. However, the previously mentioned scenario is reversed in the case of a magnet as 
the superstrates number increases.  
Table 4.5 Measurement and simulation results of tunable stacked antenna performance with 
and without applied magnetic field for one and superstrate of 25mm average diameter 
 
Number 
of 
Superstrate 
for 
Nano 
Antenna 
 
 
Measured 
Frequancy 
(GHz) 
Measud 
Return 
Loss 
(dB) 
Gain 
Simulation 
(dBi) 
Gain 
Measurement 
Far Field 
(dBi) 
Gain 
Measurment 
Near Field 
(dBi) 
Efficiency 
in 
reference 
to 
Baseline 
None 1.83 7.0 -6.02 -4.3 -4.5 9% 
None with 
1kG 
1.94 6.0 -1.3 -3.2 -2.8 12% 
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One 
Superstrate 
1.92 6.2 -2.3 0.5 3 29% 
one 
Superstrate 
with 1KG 
2.00 7.0 .5 2.5 4.5 44% 
Two 
Superstrate 
1.90 5.5 -1.9 2.8 3.5 50% 
Two 
Superstrate 
with 1KG 
2.00 5.8 2.1 4.3 9.5 67% 
 
 
The efficiency was enhanced from 8% of the nano antenna without a superstrate to 67% with two 
superstrates. This efficiency calculation was performed by comparison with the simulated 
directivity of the baseline FR4 antenna as reference. The efficiency of the nano-antenna can be 
calculated as shown in Equation 4.2) & (4.3) 
 Efficiency (dB)=Gain of Nano (dB) - Directivity of FR4 
Baseline (dB) 
 
4.2) 
 Efficiency= 100 * ( 10^(Efficiency (dB)/10) ) 4.3) 
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Figure 4.12 The measurement vs simulation of the return loss of the nanoparticles patch 
antenna with different superstrate numbers 
4.7.2 Radiation Pattern with Superstrate  
After performing the far-field measurement with the dipole antenna as reference, the radiation 
pattern shapes of the designed ferroelectric FeCo antenna with superstrates, which improved the 
gain as mentioned, preserved the same overall radiation of the original antenna, as depicted in 
Figure 4.13 -  
Figure 4.14  [42].  Moreover, the gain was observed to be enhanced by about 5.2dB after the 
first superstrate and further improvement around 2dB when applying the bias magnet of 1kG, as 
shown in Figure 4.13. Placing the second parasitic superstrate increased the previous gain results 
with and without magnet by 2dB. The axial ratio of the nano -antenna with one and two stacked 
83 
 
  
superstrates is more than 10 and the linear polarization is maintained. The progression after 
implementing the superstrates and applying the magnetic field can be tracked in Figure 4.15.  
 
 
Figure 4.13 Measurement Co & Cross Insertion Loss for 1 stack of superstrate [42]  
 
84 
 
  
 
 
 
 
Figure 4.14 Measurement Co & Cross Insertion Loss for 2 stacks of superstrates [42] 
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Figure 4.15 Gain progression Co-Pol Radiation Pattern 
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4.8 Conclusions  
The FeCo nanoparticle antenna was suffering from low gain because of high losses from the 
iron coupled material. This problem was resolved by employing the parasitic superstrate elements 
that couple the radiated power in the normal direction of the antenna thus the gain improved. The 
Yagi-Uda approach was utilized to design the implemented superstrates. The optimum stacking 
design was accomplished after the mentioned method was investigated to adopt the microstrip 
antenna features in terms of superstrate material, spacing between elements, and the annular ring 
dimensions. The optimum design included two stacked of honeycomb superstrates of 9.13mm with 
a parasitic annular ring of an average diameter of 38mm for each.  This implemented design had 
improved the gain and directivity for both antennas the FR4 and the composite nanoparticles. 
However, this improvement in gain after using the superstrates had impacted the overall vertical 
dimension of the antenna to be 19.76mm. 
After using the aforementioned stacked design, the gain of the nano -antenna improved 
dramatically with one and two superstrates but with a slight shift in the resonant frequency. By 
stacking two superstrates above the FeCo antenna, the gain increased from -4.7dB for no 
superstrates to 2.8dB. Moreover, the magnetic field added further enhancement of around 1.5dB 
and the overall radiation pattern had not been changed or distorted.  
In the previous two chapters, the FeCo nanoparticle antenna was demonstrated, tested, and 
enhanced in its performance in terms of gain and efficiency. These accomplishments were good, 
but the FeCo material had high losses that caused poor performance. Furthermore, the high 
permeability is another inherent problem that requires this material to be reevaluated and optimized 
or another material sought that provides the same characterizations with low losses. The 
ferroelectric BST with a permeability of 350 is a material that can be tuned electrically and 
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potentially fix all the disadvantages of the nanoparticle antenna and will be proposed as future 
work to improve the design.                   
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Chapter 5 Conclusions and Recommendations for the Future Work  
5.1 Conclusions  
Tunable printed circuit antennas are considered for a number of wireless communication 
applications, where operation over multi-bands could be considered for frequency hopping secure 
communications. To realize tunable antennas, a tunable component is required. Changes in 
physical dimensions of printed circuit antennas are reported by optically or electrically triggered 
RF switches and varactor diodes, while substrate material tuning using either ferromagnetic and 
ferroelectric components is now feasible, as well. Design of a composite FeCo nanoparticle 
annular ring antenna for 2.4GHz was illustrated, implemented, and evaluated in this thesis. The 
FeCo nanoparticles have a cubic shape of 40nm per side length, and in order for these particles to 
be solidified, they are mixed with a binder in the ratio of 80:20. The maximum tunability of 100 
MHz can be reached by applying a 1kG permanent magnet because the real permeability was 
reduced from 8 to 7. However, the imaginary permeability of 2 without a magnet for the composite 
nanoparticle antenna is considered to be a high loss which reduced antenna efficiency or degraded 
the achieved gain by about 6dB with respect to the gain of the baseline antenna design implemented 
on FR4 substrate. This is not only because of the high loss but also for the high permeability that 
condenses the field within the substrates. The far field measurement showed that when applying 
the bias magnet on the nanoparticle antenna, a gain enhancement of 1dB is noted because the 
permeability and the loss tangent are reduced by 0.09. This improvement is not adequate as long 
as the gain falls below 0dB, which is the case for most of the ferromagnetic antennas; therefore, 
an approach, such as vertically stacked parasitic superstrates, for improving the gain is proposed 
to overcome these drawbacks.  
89 
 
  
The parasitic stacked superstrates above the driven antenna were chosen as the most suited 
approach for improving the gain because serious modifications in the antennas would not be 
needed. The conventional Yagi-Uda linear array was used in the stacking superstrate approach, 
which required studying the spacing between directors and dimensions of directors in order to 
achieve the optimum gain. After considering a variety of superstrates of different dimensions, the 
optimum design was found to be the two vertically stacked honeycomb superstrates of a 9.13mm 
thickness with two parasitic annular ring elements of an average radius of 38mm above each one. 
These superstrates enhanced the gain from -4dB to 4dB which is more practical to be used in 
wireless communication systems. The stacked superstrates did not have a real impact on the return 
loss or the resonant frequency, and the tunability of 100 MHz was maintained. The axial ratio was 
also linearly polarized with or without stacking. The antenna with stacked superstrates was not 
conformal any more since the vertical size increased by about 18mm. Moreover, by showing the 
current distribution that tapered down from the driven antenna to the parasitic superstrates and 
mutual coupling between these elements, the enhancement in the performance can be 
demonstrated. The increase in size, high losses in the nanoparticle material and difficulty in 
realizing electromagnetic biasing encouraged us to explore another material that provides a tunable 
antenna design, mitigates the antenna losses, and eases the biasing technique for future work.  
5.2 Future Work 
5.2.1  Ferromagnetic Nanoparticle Based Annular Ring Antenna  
Since the magnetic nanoparticles used in the composite substrate of annular ring antennas 
suffer from high loss and poor efficiency, as can be seen in Figure 4.12, a further input matching 
technique is required to improve performance of the existing antenna. Moreover, an alternative 
feeding technique to an aperture fed structure increases the achieved instantaneous bandwidth and 
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reduces the superior field that affects the radiation power  [2]. Furthermore, a higher dielectric 
constant such as FR4 substrate with r=4.4 results in a lesser field intensity in air, and designs 
using a low dielectric constant material, such as RT/Duroid with εr=2.2 with a reasonable thickness 
results in a higher efficiency. Finally, for better instantaneous bandwidth, the annular ring has to 
be designed to have TM12 excited over TM11, which dramatically enlarges the dimensions of the 
antenna. The excitation of TM12 not only enhances the instantaneous bandwidth, but also results 
in an improved directivity and more concentrated radiation pattern in the broadside. This mode 
will also result in a radiation impedance that can be easily matched to 50 Ω. 
The ferromagnetic nanoparticle material has to be improved in terms of electromagnetic 
properties. This can be accomplished by increasing the permeability and reducing the loss and the 
leakage current by taking into account the resonance of the material. Furthermore, the roughness 
of the nanoparticle material surface after placing it in the groove has to be treated to provide better 
performance. Moreover, instead of using a permanent magnet as a biasing for this antenna, an 
electromagnetic circuit that can provide a high magnetic field is the best option to be integrated 
with the antenna.  
5.2.2  Ferroelectric Based Annular Ring Antenna             
An alternative to ferromagnetic based tunable antennas is ferroelectric based composite 
annular ring antennas to achieve a change in electric permittivity of a composite substrate due to 
an applied electric field in place of a change in magnetic permeability of the composite substrate 
using an external magnetic field, as is discussed in chapter 2. The manganese-doped Ba0.8Sr0.2TiO3 
thin film has been realized using a modified sol-gel process with optimization to mitigate strain in 
the film and then are deposited, heated, and annealed onto the substrate [16]. BST is a ferroelectric 
material that has a dielectric constant of 350 and loss tangent lower than 0.02. Because it has a 
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lower loss tangent, in comparison with 0.25 for FeCo ferromagnetic nanoparticles, it is more 
attractive for developing more efficient tunable annular ring antennas. However, the required 
electric field for tuning of the BST is about 40kV/cm, which is quite challenging in large scale 
thick ferroelectric composite substrates. Therefore, to achieve a reasonable voltage, designs should 
include a thin substrate design to tune the effective dielectric constant at a reasonable applied 
voltage using a Bias-T construction.  
Besides the required applied electric field and loading of the antenna by the external low 
frequency control using Bias-T, a number of other challenges had been confronted while walking 
through the design of the ferroelectric BST. First, the thin substrate has to be accounted for when 
performing the numerical full-wave design optimization using the FEM. In particular, a higher 
resolution meshing has to be considered in the thin BST layer, when the HFSS numerical modeling 
is used. The matching and feeding technique are another complicated issue. The probe feed no 
longer can be used with this antenna because a small hole has to be made through the thin BST 
layer, which is not feasible for low cost manufacturing techniques. As a result, another technique 
of antenna feed has to be introduced, such as microstrip feeding as shown in Figure 5.1. However, 
there is no background about the microstrip feed technique for the annular ring antenna that 
operates at TM11 mode even though some practical information can be found for TM12 mode  [43]. 
As the annular ring antenna operates at TM11 and is designed on a thin layer, its input radiation 
impedance is very high and about 330Ω, which thus requires a quarter wave impedance 
transformation to match it to a 50Ω transmission line. Unfortunately, the required quarter wave 
impedance transformer with characteristic impedance of about 130 Ω is a very narrow linewidth; 
therefore, a fine line meshing resolution is also required for the feed network. This is an important 
factor to be considered because the design requires a very accurate fabrication system that can 
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maintain the same designed dimensions. Moreover, a high dielectric constant of 350 integrated 
into an alumina substrate will reduce the external field and radiate the power of the annular ring 
antenna structures.        
 
Figure 5.1 Microstrip feeding for annular ring antenna 
A TM12 operation mode is proposed as an alternative option to TM11 for several reasons, as 
the outer to inner ratio is about 0.5 and the feed point at 1.05 of the inner edge [10]. First, the TM12 
mode is a greater size in comparison with TM11 mode excited annular ring antennas and thus has 
low impedance with the ability to reach good matching. Second, it provides better gain, directivity, 
and efficiency. The initial simulation results of the baseline designed annular ring antenna that 
operates at 2.2GHz, in TM12 mode, and is modeled on a substrate with a dielectric constant of 2.3 
is listed on Table 5.1. The 3D radiation pattern is depicted on Figure 5.2. This baseline design is 
the first step in the implementation of ferroelectric composite substrate based annular ring 
antennas.  Furthermore, exciting the TM12 is not a straightforward process, it does require an 
appropriate feed point for impedance matching at the designed resonant frequency of this mode 
since a variety of other high order modes are excited as well. In other words, the calculated 
dimensions using the equation (2.9) has excited different modes of the annular ring antenna.  
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Table 5.1 Anuular ring antenna parameters operates at TM12 
Frequancy 
(GHz) 
Return Loss 
(dB) 
Bandwidth 
(MHz) 
Gain 
(dB) 
Efficiency  
% 
2.2 16 90 10.9 95 
         
           
Figure 5.2 3D radiation pattern of the TM12 annular ring antenna 
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Appendices  
Appendix A. Roots of Bessel and Characteristics 
There are several techniques were used to calculate the annular ring resonant frequency 
based on characteristic equation roots shown below [1]: 
 
Where J and Y are the Bessel function of the first and second kind of order n. This can be 
accomplished by setting  
𝑘 =
χnm
𝑎
 
The χnm is the root of characteristic equation where n denotes the azimuth variation whereas m 
the radial variation of the field across the width. These roots of different modes are tabulated in 
Table A.1.  
Table A. 1 Roots of characteristic equation 𝛘𝐧𝐦 for b=2a [4] 
 
 
 
The equation of the resonant frequency where mentioned in chapter two.  
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Appendix B.  Meshing, Simulation Time, and Simulation Accuracy 
  Meshing resolution and many parameters such as accuracy and computation time 
using a particular CPU for both COMSOL and HFSS is listed in Table B.1 and Table B.2.   The 
desktop Computer specification: 
Processor Intel Core i7-4790 @3.6GHz 
Installed Memory (RAM) 16GB 
System type 64-bit Operating System 
Table B. 1 The COMSOL number of nodes and time 
Model Type Nodes (Degrees of Freedom) Time (minutes) 
Baseline annular ring 293806. 15 
Nano annular ring 303774 20 
Nano annular ring w/.1T 
magnet 
306410 13 
 
Table B. 2 The HFSS number of nodes and time 
Model Type Nodes (Degrees of Freedom) Time (minutes) 
Baseline annular ring 67972 2 
Nano annular ring 76464 3 
Nano annular ring w/.1T 
magnet 
80969 2.35 
 
Simulation Problem resolved: 
Due to any meshing inaccuracy and its resolution, unexpected results can be observed for 
the resonance frequency. As an example of these errors, the simulated S11 (dB) erroneously appears 
on the positive side (i.e., as gain in a passive system) not in the negative side. To the best of my 
knowledge, the solution for this type of problem can be resolved in HFSS by selecting the resonant 
frequency of the deigned antenna as the chosen single frequency solution or in the middle of the 
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frequency sweep interval. If the resonant frequency is not known, then an alternative way is using 
eigen mode solution which solves for the resonant frequencies of the model. Furthermore, the 
sweep interval should not be more than 4GHz for accurate simulation, but for higher sweep interval 
the upper limit has to be used as the solution frequency. Lastly, the default meshing is not always 
accurate thus the convergence of the solution will provide better evaluation of the accuracy, which 
can be checked from the solution data. For accurate meshing and resonance frequency solution, 
the difference between two consecutive solutions have to be small; if not, then this is a flag for a 
potentially incorrect solution. 
Another issue is that negative directivity or the gain larger than directivity, this because the 
perfect match layer (PML) either too small or big. For optimum and accurate solution, the PML 
boundary has to be at least quarter wavelength from the edge of metallic boundary. Alternatively, 
as suggested by Ansys developers, using the radiation boundary option is more appropriate and 
accurate for antenna application than PML. 
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Appendix C. Near-field and Far-field Antenna Gain Measurements 
C.1 Far Field Measurement Setup and Calculation 
The far field measurements were performed on the anechoic chambers. This was performed 
by using the wireless channel between the Vivaldi antenna and antenna under test to measure the 
S-parameter S21.  By comparing the S21 of the antenna under test, as listed in Table C.  and Table 
C. , with a reference antenna shown results in Table C.1, such as 0.5 λ length dipole which has 
been used in previous measurement, the dBd gain of the antenna under test can be calculated as 
Gain(dBd)=S21 Annular Patch (antenna under test) - S21 Dipole (reference antenna)  
 
For the isotropic gain as  
Gain(dBi)= S21 Annular Patch (antenna under test) - (S21 Dipole (retrace antenna) - Gain of dipole 
(dBi)) 
Table C. 1 Frequencies, max measurement angles and insertion losses of Dipole antenna as 
reference were used 
 
 
 
 
 Dipole Dipole Dipole 
Frquancey (GHz) 2.8 2 1.9 
Max Angel (deg) 90 90 90 
S21 dBi -26.41 -29.1 -30.86 
Gain dB 1.5 2 2 
Gain dBi 27.91 -32.5 -34.26 
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Table C. 2 Frequencies, max measurement angles and insertion losses of FR4 Antenna with 
one or two superstrate(s) 
 
Table C. 3 Frequencies, max measurement angles and insertion losses of nano Antenna with 
one or two superstrate(s) 
 
 
 
The far-field measurement is an accurate measurement that provides full radiation pattern for 
the antenna under test and its gain. However, it is time consuming that each round of elevation and 
azimuth of the antenna under test needed at least twenty minutes. For the matter of time an 
alternative indoor measurement that can perform the task in less than one minute with less accuracy 
is introduced next.  The efficiency calculation of chapter 4 was done as follow: 
% The calculation of the efficiency of the nano antenna of different 
% Superstrate 
Gain_meas= [-4.6 -3.2 .5 2.5 2.8 4.3];  
 
 
FR4 FR4_M FR4_S FR4_S_M 
Frquancy (GHz) 2.8 2.8 2.8 2.8 
Max Angel (deg) 183 183 195 195.00 
S21 dBd -27.74 -27.60 -26.30 -26.16 
 
Nano Nano+M Nano+SUP Nano+SUP+M Nano+2_SUP Nano+2_SUP+M 
Frquancy 
(GHz) 
1.9 2 1.9 2 1.9 2 
Max 
Angel 
(deg) 
201 198 195 198.00 195.00 195.00 
S21 dBd -37.58 - 34.33 -32.32 -28.47 -30.04 -26.74 
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Directivity_sim_of_FR4=6; 
edB=Gain_meas(1,:)-Directivity_sim_of_FR4; 
Eff=round((10.^(edB./10)).*100) 
  
C.2 Near Field Measurement (EMscan)  
The EMscan is a small tool in comparison with the chamber that can perform the measurement 
indoor, as depicted. This tool uses a magnetic sensing technique that measures the radiation pattern 
for the antenna under test. It is the best option for quick measurements needed for the evaluation 
of some work, but for final measurements, results using the chamber is recommended. The 
radiation pattern is not accurate, as shown Figure C. 1.The gain that we got was not consistent 
when the measurement was performed several times. This issue has been addressed with the 
company, and they recommended us to do a calibration since which most of the issue has been 
resolved. To provide a better understanding, please refer to Table C.4. 
 
Figure C. 1 Composite nanoparticles antenna’s radiation pattern   
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Table C. 4 Comparison between the Fairfield and Near field gain measurements 
 
Number 
of 
Superstrate 
for 
Nano 
Antenna 
 
 
Gain 
Measurement 
Far Field 
(dBi) 
Gain 
Measurment 
Near Field 
(dBi) 
None -4.7 -3.2 
None with 
1kG 
-3.2 -2.8 
One 
Superstrate 
0.5 3 
One 
Superstrate with 1KG 
2.5 4.5 
Two 
Superstrate 
2.8 3.5 
Two 
Superstrate with 1KG 
4.3 9.5 
 
 
 
